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HIGHLIGHTS 


►  A  transparent  PPy  film  with  electrochemical  catalytic  activity  has  been  prepared. 

►  A  bifacial  DSSC  based  on  this  PPy  film  has  been  reported  for  the  first  time. 

►  The  DSSC  based  on  this  PPy  counter  electrode  shows  excellent  long-term  stability. 

►  The  application  of  this  PPy  film  in  DSSC  would  bring  down  the  production  cost. 
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A  novel  transparent  and  stable  polypyrrole  (PPy)  electrode  that  can  properly  serve  as  a  counter  electrode 
for  the  bifacial  dye-sensitized  solar  cell  (DSSC)  has  been  prepared  by  in  situ  polymerization  of  pyrrole 
monomer  on  FTO  glass.  Cyclic  voltammetry  (CV)  and  electrochemical  impedance  spectroscopy  (EIS) 
measurement  show  the  considerable  catalytic  activity  of  PPy  counter  electrode.  The  photovoltaic 
parameters  of  bifacial  DSSCs  are  strongly  dependent  on  the  initial  monomer  concentration  of  pyrrole. 
The  optimized  PPy  counter  electrode  has  been  fabricated  under  the  initial  monomer  concentration  of 
0.3  M,  a  bifacial  DSSC  based  on  this  PPy  electrode  shows  conversion  efficiencies  of  5.74%  and  3.06% 
corresponding  to  front-  and  rear-side  illumination,  respectively.  Compared  to  the  conventional  Pt-based 
DSSCs,  the  design  of  bifacial  DSSC  with  transparent  PPy  counter  electrode  improves  the  utilization  ratio 
of  incident  light.  Moreover,  the  considerable  conversion  efficiency  and  the  good  long-term  stability  of 
PPy-based  device  demonstrated  by  the  stability  test  highlight  the  potential  large-scale  commercial 
application  of  this  transparent  PPy  counter  electrode. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  a  potential  alternative  to  the  traditional  silicon-based  solar 
cell,  dye-sensitized  solar  cell  (DSSC)  has  attracted  widespread 
scientific  interests  due  to  its  low-cost,  high  conversion  efficiency 
and  ease  of  fabrication  [1,2].  A  typical  DSSC  comprises  a  high 
surface  area  dye-sensitized  TiC^  photoanode,  a  good  ion¬ 
transporting  electrolyte  containing  a  redox  couple  (P/I3_)  and  an 
efficient  counter  electrode  [3]. 

Counter  electrode  (CE)  is  a  critical  component  of  DSSC,  which 
serves  as  a  mediator  for  collecting  electrons  from  external  circuit 
and  reducing  I3“  ions  to  P  ions  so  as  to  regenerate  the  redox 
couple.  Platinized  counter  electrode  has  been  widely  used  in  DSSC 
so  far,  due  to  its  high  conductivity  and  catalytic  activity  for 
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reduction  of  I3_  ions.  However,  platinized  CE  is  restricted  by  high 
cost  and  corrosion  of  platinum  in  the  presence  of  P/I3_  redox  in 
electrolyte  [4],  it  is  desirable  to  develop  low-cost  and  more  stable 
materials  such  as  carbon-based  materials  [5-10]  (carbon  black, 
graphite,  mesoporous  carbon,  carbon  nanotubes)  and  conducting 
polymers  including  poly(3,4-ethylenedioxythiophene)  [11,12]  and 
polyaniline  [13,14]  as  more  economic  alternatives  to  platinized  CE. 
As  a  well  known  conducting  polymer,  polypyrrole  (PPy)  has 
attracted  more  and  more  research  interests  as  a  potential  candidate 
for  platinized  counter  electrode  because  of  its  facile  synthesis,  high 
catalytic  activity  and  considerable  environmental  stability  [15,16]. 

Recently,  the  application  of  spherical  PPy  as  the  counter  elec¬ 
trode  in  DSSC  had  been  reported  by  Jeon  et  al.  [16].  Though 
a  conversion  efficiency  of  7.7%  was  obtained,  several  micrometres 
thickness  of  PPy  film  was  required  to  obtain  the  desirable  catalytic 
activity  and  electronic  conductivity  [6,17].  Therefore,  the  PPy-based 
counter  electrode  they  prepared  was  opaque  and  unsuitable  for 
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application  in  bifacial  DSSC.  To  our  knowledge,  the  bifacial  DSSC 
based  on  transparent  CE  that  can  be  operated  by  introducing  light 
from  both  sides,  has  the  advantage  for  higher  energy  production 
efficiency  [18,19].  Moreover,  the  mechanical  stability  of  the  ex-situ 
prepared  PPy  CE  could  be  limited  for  the  poor  adhesion  between 
PPy  film  and  FTO  substrate.  Xia  et  al.  have  successfully  prepared 
a  thin  PPy  counter  electrode  by  vapour  phase  polymerization  (VPP) 
[15].  Unfortunately,  the  conversion  efficiency  of  device  based  on 
this  thin  PPy  CE  was  very  low  (3.3%).  By  now,  the  preparation  of  PPy 
film  with  both  high  transparency  and  sufficient  electrochemical 
catalytic  activity  still  remains  a  challenge. 

In  this  paper,  we  report  on  the  use  of  a  transparent  PPy  film  as  an 
efficient  counter  electrode  in  bifacial  DSSC  for  the  first  time  (as 
shown  in  Fig.  1 ).  The  PPy  CE  is  prepared  by  in  situ  polymerization  of 
pyrrole  monomer  on  FTO  glass  and  the  derived  photovoltaic 
parameters  of  bifacial  DSSCs  have  been  optimized  by  adjusting  the 
initial  pyrrole  monomer  concentrations.  The  optoelectrochemical 
properties  of  PPy  film  and  the  stability  of  sealed  bifacial  DSSC  based 
on  PPy  CE  have  been  investigated.  Electrochemical  measurements 
display  a  low  charge  transfer  resistance  of  2.46  Q  cm2  for  the  PPy 
CE,  which  manifests  the  sufficient  catalytic  ability  for  the  reduction 
of  I3“  ions.  The  high  total  (the  sum  of  front-and  rear-conversion 
efficiencies)  conversion  efficiency  (8.8%)  and  the  considerable  long¬ 
term  stability  of  bifacial  DSSCs  indicate  the  potential  large-scale 
commercial  application  of  this  transparent  PPy  counter  electrode. 


Fig.  1.  Digital  photographs  of  the  bifacial  DSSC  employing  transparent  PPy  counter 
electrode  and  its  operation  mode  (under  front-and  rear-illumination). 


2.  Experimental  details 

2.1.  Preparation  of  transparent  PPy  and  Pt  electrode 

In  a  typical  procedure,  cetyltrimethylammonium  bromide 
(3.64  g,  10  mM)  was  first  dissolved  in  100  mL  of  1.0  M  HC1  solution 
and  then  a  series  of  monomer  concentrations  (0.05  M,  1.0  M,  2.0  M, 
3.0  M,  4.0  M)  pyrrole  were  added  to  the  solution  with  vigorous 
stirring  for  1  h  at  0  °C.  The  resulting  viscous  mixture  was  ultra- 
sonicated  for  30  min  until  it  became  transparent.  Then  20  mM 
ammonium  persulfate  (APS)  was  added  and  the  solution  turned 
grey.  A  piece  of  well-cleaned  FTO  glass  was  immersed  in  the  solu¬ 
tion  immediately,  after  being  kept  at  0  °C  for  3  h,  the  FTO  glass  was 
taken  out  and  rinsed  with  distilled  water,  the  PPy  on  the  noncon- 
ductive  side  was  removed.  Finally,  the  PPy/FTO  was  redoped  in 
1.0  M  HC1  for  2  h,  and  then  rinsed  and  dried  at  80  °C  for  1  h.  The  Pt 
electrode  was  prepared  for  comparison  by  depositing  a  thin  layer  of 
Pt  on  FTO  using  magnetron  sputtering. 

2.2.  Assembly  of  DSSCs 

Ti02  paste  was  first  synthesized  by  hydrothermal  method,  then 
it  was  doctor-bladed  on  FTO  glass  and  sintered  at  500  °C  for  30  min. 
The  procedure  was  repeated  twice.  The  Ti02  photoanode  was 
immersed  in  50  mM  TiCL*  (aqueous)  at  70  °C  for  30  min  and  then 
sintered  at  500  °C  for  30  min.  The  resulting  Ti02  photoanode  was 
then  immersed  in  an  acetonitrile  solution  containing  0.5  mM  N3 
dye  and  kept  at  60  °C  for  12  h.  The  DSSC  was  assembled  by 
a  sandwiching  process:  the  dye-absorbed  Ti02  photoanode  was 
tightly  clipped  with  PPy  or  Pt  counter  electrode,  a  drop  of  liquid 
electrolyte  containing  1  M  PMII  (l-methyl-3-propyl  imidazolium 
iodide),  0.04  M  Lil,  0.03  M  I2,  0.1  M  GuSN  (guanidinium  thiocya¬ 
nate),  0.5  M  TBP  (4-tert-butylpyridine)  in  acetonitrile  and 
propylene  carbonate  (v/v  =1:1)  was  added  to  fill  the  void  between 
two  electrodes  by  the  capillary  effect. 

2.3.  Characterization 

UV-visible  transmitted  spectra  of  the  PPy  films  were  recorded 
on  UV/VIS  spectrometer  (Lambda  650S  Perkin  Elmer).  The 
morphologies  of  the  PPy  film  on  FTO  glass  was  observed  by  scan¬ 
ning  electron  microscopy  (SEM,  JEOL,  6700F,  Japan)  and  atomic 
force  microscopy  (AFM,  SPM9500J3,  Shimadzu,  Japan).  Cyclic  vol¬ 
tammetry  was  performed  on  CHI  660C  (Shanghai,  China)  electro¬ 
chemical  station  with  a  Pt  plate  as  auxiliary  electrode,  an  Ag/Ag+ 
electrode  as  reference  electrode,  and  a  PPy/FTO  or  a  Pt/FTO  elec¬ 
trode  as  working  electrode  in  an  acetonitrile  solution  containing 
10  mM  Lil,  1  mM  U  and  0.1  M  LiC104  as  supporting  electrolyte. 
Electrochemical  impedance  spectroscopy  (EIS)  of  the  PPy  and  Pt 
counter  electrodes  was  also  performed  on  CHI  660C  with  the 
frequency  from  100  kHz  to  0.1  Hz.  For  the  EIS  measurement, 
a  symmetric  cell  configuration  with  two  identical  PPy  or  Pt  CEs  was 
assembled  with  the  injection  of  the  same  electrolyte  for  the  DSSCs, 
and  the  active  area  of  the  cells  was  controlled  at  0.25  cm2  by  Surlyn. 
The  photocurrent  density-voltage  (J—V)  characteristics  were 
measured  under  AM  1.5  simulated  illumination  with  a  power 
density  of  80  mW  cm-2,  the  active  area  was  controlled  at  0.25  cm2 
by  a  mask. 

3.  Results  and  discussion 

Fig.  2  shows  the  UV-visible  transmitted  spectra  of  transparent 
PPy  electrodes  prepared  under  different  pyrrole  monomer 
concentrations  (Py  MC).  The  thin  PPy  film  on  FTO  glass  shows 
excellent  transparency  range  from  300  nm  to  800  nm.  The 
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Fig.  2.  UV-visible  transmitted  spectrum  of  the  PPy  counter  electrodes  prepared  by 
polymerizing  pyrrole  on  FTO  glass  under  different  initial  monomer  concentrations  (the 
pure  FTO  glass  was  used  as  the  reference). 


absorption  of  N3  dye  is  mainly  in  the  range  of 450  nm— 600  nm  [18], 
so  the  transmittance  of  PPy  in  this  range  is  of  research  interest.  It  is 
found  that  the  transmittance  of  PPy  film  on  FTO  glass  increases 
with  the  decrease  of  pyrrole  monomer  concentration,  which  is 
beneficial  for  bifacial  illumination  of  DSSCs.  The  inset  in  Fig.  2  gives 
the  demonstration  of  transparent  PPy  CEs  prepared  under  different 
pyrrole  monomer  concentrations.  It  is  observed  that  the  PPy  film 
becomes  transparent  gradually  by  decreasing  monomer  concen¬ 
trations  of  pyrrole  and  the  incident  light  can  penetrate  from  the 
rear  side  of  the  DSSC  more  easily. 

The  j—V  curves  of  devices  employing  PPy  CEs  prepared  under 
different  pyrrole  monomer  concentrations  (0.05, 0.1, 0.2, 0.3, 0.4  M) 
are  shown  in  Fig.  3a  (under  front-illumination,  AM  1.5, 
80  mW  cm-2)  and  Fig.  3b  (under  rear-illumination,  AM  1.5, 
80  mW  cm-2).  The  derived  photovoltaic  parameters  are  summa¬ 
rized  in  Table  1.  It  is  found  that  when  irradiated  from  the  front  side, 
the  short  circuit  current  density  (Jsc )  of  device  based  on  PPy  CE 
increases  with  the  increase  of  pyrrole  monomer  concentration  and 
the  conversion  efficiency  consequently  increases  as  a  result  of  Jsc 
increase.  This  phenomenon  can  be  attributed  to  the  fact  that  the 
catalytic  activity  of  PPy  CE  keeps  growing  with  the  increase  of 
pyrrole  monomer  concentration.  Flowever,  when  irradiated  from 
the  rear  side,  the  variation  tendencies  of  Jsc  and  conversion  effi¬ 
ciency  are  irregular  with  the  increase  of  pyrrole  monomer 
concentration,  which  are  the  compromise  of  the  increased  catalytic 
activity  and  the  reduced  transparency  of  the  PPy  film  as  the  pyrrole 
monomer  concentration  increased.  The  total  (the  sum  of  front-  and 
rear-illumination  conversion  efficiencies)  conversion  efficiencies  of 
DSSCs  based  on  PPy  CEs  prepared  under  different  pyrrole  monomer 
concentrations  are  shown  in  Fig.  3c.  The  device  gives  the  optimal  7] 
of  5.74%  under  front-illumination  and  tj  of  3.06%  under  rear-illu¬ 
mination  when  the  initial  monomer  concentration  is  0.3  M. 
Therefore,  the  optimized  monomer  concentration  of  0.3  M  has  been 
obtained  and  will  be  used  for  following  investigation. 

Fig.  4  shows  the  SEM  surface  morphologies  of  FTO  glass  and  in 
situ  prepared  (0.3  M  pyrrole  monomer  concentration)  PPy  film.  The 
bare  FTO  surface  shows  the  characteristic  morphology  of  tin  oxide 
crystals  with  compact  rod-shaped  grains  around  250  nm  (Fig.  4a). 
When  the  PPy  is  deposited,  the  film  exhibits  porous  structure  with 
cotton-shaped  grains  (Fig.  4b).  A  more  detailed  AFM  image  pre¬ 
sented  in  Fig.  SI  shows  that  these  cotton-shaped  grains  are 
composed  of  smaller  particles  around  40  nm.  The  root  mean  square 


Fig.  3.  (a)  J—V  curves  of  DSSCs  fabricated  with  different  PPy-CEs  under  front- 
illumination.  (b)  J—V  curves  of  DSSCs  fabricated  with  different  PPy-CEs  under  rear- 
illumination.  (c)  The  sum  of  front-and  rear-illumination  conversion  efficiencies  of 
DSSCs  fabricated  with  PPy-CEs  prepared  under  various  monomer  concentrations 

iVf  +  Vrl 


(rms)  roughnesses  of  the  FTO  and  PPy  film  calculated  from  AFM  are 
17.9  nm  and  25.9  nm,  respectively  (see  Table  SI).  The  increased 
roughness  reveals  that  the  porous  structure  of  PPy  film  will  render 
it  with  high  surface  area,  which  enhances  the  tri-iodide  diffusion 
efficiency  [7,20]. 


C.  Bu  et  al.  /  Journal  of  Power  Sources  221  (2013)  78-83 


81 


Table  1 

Photovoltaic  parameters  of  bifacial  DSSCs  based  on  PPy-CEs  prepared  from  various 
monomer  concentrations  of  pyrrole. 


Monomer 

concentration 
[mol  L-1] 

Front-illumination  (rear-illumination) 

V„c  [mV] 

Jsc  [mA  cm 

-2i 

FF 

V  [%] 

0.05 

745  (685)a 

8.20  (5.62) 

0.44  (0.50) 

3.34  (2.39) 

0.10 

735  (735) 

8.86  (4.91) 

0.45  (0.53) 

3.63  (2.40) 

0.20 

735  (715) 

10.14  (6.95) 

0.50  (0.53) 

4.68  (3.13) 

0.30 

725  (725) 

12.19  (5.75) 

0.52  (0.58) 

5.74  (3.06) 

0.40 

715  (735) 

12.72  (4.87) 

0.44  (0.55) 

5.02  (2.46) 

Note:  The  parameters  were  measured  under  80  mW  cm  2,  AM  1.5  simulated  irra¬ 
diation.  The  active  area  was  0.25  cm2. 

a  The  parameters  measured  under  the  rear-illumination  (shown  in  parentheses). 


Cyclic  voltammetry  (CV)  was  applied  to  investigate  the  reaction 
kinetics  of  various  electrodes  in  the  electrochemical  system.  Fig.  5 
shows  the  CV  curve  of  PPy  CE  (prepared  under  0.3  M  pyrrole 
monomer  concentration),  the  Pt  CE  had  been  investigated  under 
the  same  conditions  for  comparison.  The  two  pairs  of  redox  waves 
observed  represent  the  oxidation  and  reduction  of  r/I3“  (the  left 
pair)  and  12/13“  (the  right  pair).  The  counter  electrode  in  a  DSSC 
serves  to  catalyse  the  reduction  of  I3^  to  P,  thus  the  characteristics 
of  the  left  pair  are  our  research  focus  [21,22].  The  PPy  CE  exhibits 
higher  peak  current  density  than  that  of  Pt  CE,  which  manifests 
a  faster  reaction  rate  of  I3_  reduction  on  the  PPy  film,  thus  a  higher 


Fig.  4.  The  SEM  images  of  the  FTO  and  PPy  film  prepared  under  0.3  M  pyrrole 
monomer  concentration:  (a)  FTO;  (b)  PPy  film  on  FTO. 


Fig.  5.  Cyclic  voltammetry  for  PPy-CE  and  Pt-CE  obtained  at  a  scan  rate  of  50  mV  s-1  in 
a  10  mM  Lil,  1  mM  I2  acetonitrile  solution  containing  0.1  M  LiC104  as  the  supporting 
electrolyte. 


apparent  catalytic  activity  of  PPy  CE  [14,23],  which  is  advantageous 
for  the  application  of  PPy  as  an  efficient  counter  electrode  in  DSSCs. 

In  order  to  examine  the  electrochemical  characteristics  of  PPy 
and  Pt  CEs,  electrochemical  impedance  spectroscopy  (EIS)  was 
conducted.  The  symmetrical  PPy— PPy  and  Pt— Pt  electrochemical 
cells  were  made  by  assembling  two  identical  PPy  (or  Pt)  CEs  on  each 
side  separated  by  a  spacer  containing  an  electrolyte  used  in  full 
functional  DSSCs  [24].  These  two  symmetrical  cells  were  used  for 
EIS  measurement  to  eliminate  the  influence  of  photoanode.  Fig.  6 
shows  the  Nyquist  plots  of  the  symmetrical  PPy-PPy  and  Pt-Pt 
electrochemical  cells.  The  interpretation  of  such  EIS  spectrum  has 
been  well-established  [24-26]:  the  intersection  of  high  frequency 
semicircle  at  real  axis  represents  ohmic  series  resistance  of  device 


Fig.  6.  Nyquist  plots  of  the  symmetrical  cells  consisting  of  two  identical  PPy  and  Pt 
electrodes.  The  inset  is  the  equivalent  circuit  of  the  symmetrical  PPy-PPy  or  Pt-Pt 
electrode  electrochemical  cell  for  EIS  measurement.  R1 :  ohmic  series  resistance  of  the 
symmetrical  cell  (Rs);  R2:  the  charge  transfer  resistance  (Rct)  at  the  electrode/elec¬ 
trolyte  interface:  CPE1:  Constant  phase  element  (capacitance  at  the  electrode/elec¬ 
trolyte  interface):  Wl:  Nernst  diffusion  impedance  (Zw)  of  the  r/b  redox  couple  in 
a  thin  layer  of  electrolyte.  The  symbols  represent  the  experimental  data  and  the  solid 
lines  represent  the  fitting  results. 
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Table  2 

The  fitted  EIS  parameters  of  the  symmetrical  cells  with  PPy  and  Pt  electrodes. 


Samples 

Rs  (Q  cm  2) 

Rct  (Q  cm  2) 

PPy  electrode  (0.3  M  Py  MC) 

6.5 

2.46 

Pt  electrode 

3.8 

2.53 

Table  3 

J—V  characteristics  of  DSSCs  based  on  transparent  PPy-CE  and  Pt-CE  measured  under 
80  mW  cm-2,  AM  1.5  simulated  irradiation  with  an  active  area  of  0.25  cm2. 


CEs 

Voc  (mV) 

Jsc  (mA  cm  2) 

FF 

vW 

PPy 

Front-illumination 

725 

12.19 

0.52 

5.74 

Rear-illumination 

725 

5.75 

0.58 

3.06 

Pt 

735 

10.45 

0.70 

6.76 

(Rs);  the  diameter  of  high  frequency  semicircle  represents  the 
charge  transfer  resistance  (Rc t)  at  the  electrode/electrolyte  inter¬ 
face,  while  the  low  frequency  arc  is  attributed  to  the  Nernst  diffu¬ 
sion  impedance  (Zw)  of  the  I- /I3-  redox  couple  in  a  thin  layer  of 
electrolyte.  The  Nyquist  plots  have  been  fitted  with  the  inset 
equivalent  circuit  and  the  results  are  shown  in  Table  2.  The  CPE 
represents  the  capacitance  at  the  interface  between  the  electrode 
and  electrolyte.  The  Rct  of  PPy  electrode  is  found  to  be  2.46  Q  cm2, 
which  is  comparable  to  that  of  Pt  (2.53  Q  cm2),  indicating  the 
similar  intrinsic  catalytic  activities  for  the  reduction  of  I3-  on  PPy 
electrode  surface.  The  higher  apparent  catalytic  activity  of  PPy  film 
observed  in  CV  measurement  is  attributed  to  its  larger  effective 
surface  area  as  revealed  by  the  AFM  characterization  (see  Fig.  SI 
and  Table  SI).  However,  the  Rs  of  PPy  symmetrical  cell  is 
6.5  Q  cm2,  which  is  larger  than  that  of  Pt  symmetrical  cell 
(3.8  Q  cm2),  displaying  a  higher  sheet  resistance  of  PPy  electrode. 
The  large  Rs  can  affect  the  fill  factor  (FF)  of  the  DSSC  based  on  PPy 
CE  [27],  and  it  will  be  interpreted  in  the  following  section. 

Fig.  7  shows  the  representative  J—V  characteristics  of  the  bifacial 
DSSC  employing  transparent  PPy  CE  under  front-  and  rear-illumi¬ 
nation  (AM  1.5,  80  mW  cm-2).  The  device  based  on  Pt  CE  also  has 
been  measured  under  the  same  conditions.  The  derived  photovol¬ 
taic  parameters  are  summarized  in  Table  3.  When  irradiated  from 
the  front  side,  the  device  exhibits  a  short  circuit  current  density  (Jsc) 
of  12.19  mA  cm-2,  an  open  circuit  voltage  (V0c)  of  725  mV,  and  a  fill 
factor  (FF)  of  0.52,  resulting  in  a  conversion  efficiency  (r;)  of  5.74%, 
which  approaches  80%  of  the  device  with  Pt  electrode  (6.76%). 

It  is  found  that  the  Jsc  of  the  device  with  PPy  CE  (12.19  mA  cm-2) 
is  higher  than  that  of  Pt  CE  (10.45  mA  cm-2).  The  enhanced  Jsc  may 
be  owing  to  the  higher  apparent  catalytic  activity  for  the  reduction 
of  I3-  on  PPy  electrode  as  confirmed  by  CV  and  AFM  measurements. 
The  efficiency  loss  of  device  based  on  PPy  electrode  is  attributed  to 
the  lower  FF  (0.52)  compared  to  the  Pt  electrode  (0.70).  The  FF  can 


Fig.  7.  J—V  characteristics  of  DSSCs  employing  Pt  and  PPy  (prepared  under  0.3  M 
pyrrole  monomer  concentration)  counter  electrodes  measured  under  AM  1.5, 
80  mW  cm-2  front-and  rear-illumination.  The  active  area  is  0.25  cm2. 
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Fig.  8.  Time-course  changes  of  the  photovoltaic  parameters  of  a  sealed  DSSC  with  PPy- 
CE.  The  device  was  kept  under  the  ambient  conditions  and  the  data  were  obtained 
under  AM  1.5  front-illumination  (80  mW  cm-2)  with  an  active  area  of  0.25  cm2. 
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be  affected  by  the  Rs  of  the  device,  which  has  been  discussed  in  EIS 
characterization.  When  the  light  casted  from  the  rear  side,  the 
device  based  on  PPy  electrode  shows  lower  Jsc  (5.75  mA  cm-2)  and 
r /  (3.06%),  but  higher  FF  (0.58)  compared  to  the  front-illumination. 
The  reduction  of  Jsc  and  the  enhancement  of  FF  are  due  to  the 
reduced  light  intensity  cast  on  dye-sensitized  TiC^  resulting  from 
the  lower  transmittance  of  PPy  film  compared  to  the  FTO  glass.  The 
relationship  between  the  light  intensity  and  photovoltaic  param¬ 
eters  has  been  well  interpreted  in  elsewhere  [28]. 

To  investigate  the  stability  of  PPy  CEs  in  DSSCs,  a  cell  was  sealed 
with  Surlyn,  and  the  electrolyte  was  introduced  through  the  drilled 
hole  on  the  counter  electrode.  The  stability  of  the  device  was 
demonstrated  by  obtaining  photovoltaic  parameters  several  times 
during  a  period  of  792  h.  Fig.  8  shows  the  evolution  of  photovoltaic 
parameters  with  time  for  the  sealed  cell  based  on  PPy  CE.  From  0  to 
96  h,  the  Jsc  and  conversion  efficiency  of  DSSC  increases  slightly 
(from  12.19  mA  cm-2  to  13.53  mA  cm-2  and  5.74  %  to  6.13  %, 
respectively),  we  attribute  it  to  the  slow  stabilization  of  electrolyte 
additives  on  PPy  CE  [29].  After  792  h,  the  device  maintains  92%  Jsc 
(11.21  mA  cm-2)  and  90%  conversion  efficiency  (5.28%),  the  Voc  and 
FF  show  negligible  variation,  it  reveals  that  the  series  resistance  of 
device  remains  stable  and  PPy  electrode  exhibits  considerable  long¬ 
term  stability  because  of  the  good  connection  between  the  PPy  film 
and  the  FTO  glass. 


4.  Conclusion 

In  summary,  a  novel  transparent  PPy  CE  has  been  prepared  by  in 
situ  polymerization  of  pyrrole  on  FTO  glass.  The  PPy  CE  exhibits 
sufficient  apparent  catalytic  activity  towards  the  reduction  of  I3- 
due  to  the  porous  structure  of  PPy  film  with  high  surface  area.  The 
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excellent  transparency  of  PPy  film  in  visible  region  allows  PPy-CE 
based  DSSCs  to  be  operated  by  introducing  light  from  both  sides, 
thus  enhancing  the  light  utilization  efficiency.  The  optimized 
conversion  efficiency  of  5.74%  (under  front-illumination)  and  3.06% 
(under  rear-illumination)  have  been  obtained  by  employing  PPy  CE 
prepared  under  0.3  M  pyrrole  monomer  concentration.  Moreover, 
the  PPy  CE  based  DSSC  shows  good  long-term  stability  owing  to  the 
strong  connection  between  in  situ  prepared  PPy  film  and  the  FTO 
substrate.  The  facile  polymerization  procedure,  excellent  trans¬ 
parency,  low  cost  and  good  stability  enable  this  PPy  film  to  be 
a  promising  alternative  counter  electrode  in  large-scale  production 
of  bifacial  DSSCs. 
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